INTRODUCTION
The study of binary mixtures of light n-alkanes with noble gases remains nowadays a useful tool to understand molecular interactions at a fundamental level and the role they play in macroscopic properties of liquid mixtures. This knowledge can, in turn, be extended to the theoretical description of systems of much more complexity. Given their important applications, in particular in the fields of energy and power, the n-alkanes are probably the most studied chemical family in terms of thermodynamic properties and regularity of their physical properties. However, the lightest n-alkanes are known to deviate from that regularity, 1 and understanding this transition is an important fundamental subject.
Despite its rarity, structural simplicity and price, xenon is presently used in many different applications, such as lighting, laser technology, or as a filler gas in plasma display panels. 2 However, some of the most interesting and promising applications of xenon are in the field of medicine, such as an imaging agent in magnetic resonance, as a filler gas in nonlaser lamps used in photodynamic therapy, 3 and mainly as an inhalation anesthetic agent. 4 Xenon has been considered a perfect anesthetic because it produces anesthesia at normal pressure with minimal side effects: 5 its use is characterized by a remarkable cardiovascular stability, 6 rapid onset and offset of its action (due to its low bloodgas coefficient), 7 and neuroprotection. 7, 8 Furthermore, there is no indication of toxic, mutagenic, or carcinogenic effects of this practice. 7 The high price of xenon is the main disadvantage of its generalized use as an anesthetic, which needs to be overcome by developing efficient recycling devices. 9 Although the molecular mechanism of anesthesia is still a matter of controversy, 4 it is generally accepted that xenon interacts with either the lipid bilayers of nerve cell membranes, 10À12 changing their physiologic properties, or with specific hydrophobic pockets in proteins that consist of neurotransmitter receptor sites and ion channels. 13, 14, 4, 15 In either case, the study of mixtures involving xenon and alkanes (in particular, the change of properties upon mixing) can therefore contribute to shedding some light on the molecular basis of this effect. Furthermore, given the simplicity of the components and interactions, these mixtures can also be used as models for understanding the behavior of more complex systems.
It is known that n-alkanes mix with positive excess enthalpies at low temperature, which decrease with increasing temperature, passing through zero, and become negative at higher temperatures. 16À20 The temperature at which excess molar enthalpy, H m E (x = 0.5) becomes negative and changes from system to system. Interestingly, if the same data are plotted against the reduced temperature of the mixtures, it is found that the temperature at which H m E (x = 0.5) becomes negative is practically the same for all systems, falling within 0.57À0.59. 21 Blas and dos Ramos 22 were able to theoretically reproduce this universal behavior using the soft-SAFT equation and suggested that the same trends should exist for other excess properties (e.g., excess molar volume, V m E ) and compositions. Checking the existence of that universal behavior for mixtures of xenon with the lightest n-alkanes is the main goal of this work and an interesting fundamental challenge. In fact, in previous work, we have shown that mixtures of xenon and n-alkanes exhibit a behavior that closely resembles that seen for mixtures of n-alkanes.
Our research group has reported experimental thermodynamic studies of mixtures of xenon with some of the lightest alkanes such as ethane, propane, and n-butane at low temperatures. Excess Gibbs energies and excess molar volumes were measured for all these systems 23, 24 and found to be negative, decreasing with the increasing temperature and n-alkane chain length. Since mixtures of n-alkanes also display negative excess Gibbs energies and volumes, these results were seen as a confirmation of the resemblance between the two types of mixtures.
However, excess molar enthalpies have been calorimetrically measured only for (xenon + ethane) at one temperature, [H E (x = 0.5) = À51.7 J 3 mol À1 ], but for (xenon + propane) and (xenon + n-butane) they were estimated from the temperature dependence of the excess Gibbs energy and found to be positive (H E (x = 0.5) = +138 J 3 mol À1 and H E (x = 0.5) = +17 J 3 mol À1 , respectively). Clearly, this amount of experimental data is not sufficient to establish the similarity between (xenon + n-alkanes) and (n-alkanes + n-alkanes) in terms of excess enthalpies. In particular, the positive excess enthalpies estimated for (xenon + propane) and (xenon + n-butane) are difficult to interpret unless it is proven that they become negative at a higher temperature.
Using the semiempirical Deiters equation of state, we were recently able to reproduce the temperature dependence of the excess enthalpies for mixtures of n-alkanes, previously described. 25 Moreover, the equation predicts similar temperature dependence for mixtures of (xenon + n-alkanes). In particular, the reduced temperature at which H E (x = 0.5) becomes zero is approximately the same for both types of systems. This was a very encouraging result to carry out the present study.
From a theoretical point of view, the experimental data for (xenon + n-alkane) mixtures, as interpreted by the statistical associating fluid theory, 26 showed that xenon can be represented by a sphere with almost the same diameter and intermolecular potential as those suited to describe the n-alkanes. The diameter of the xenon atom (measured, for instance, in terms of its van der Waals radius) agrees very well with that of the cross-sectional diameter of the n-alkanes. Interestingly, it was shown that this resemblance extends to anesthesia. 26 Minimum alveolar concentration (MAC) of n-alkanes, as inhalation anesthetics, varies regularly with chain length, with methane being a notable exception. Xenon follows the general behavior of n-alkanes, replacing methane in the beginning of the n-alkane series.
Further examples of the similarity between the behavior of (xenon + n-alkane) and the (n-alkane + n-alkane) interactions were provided by two recent works from our research group. In the first one, the solubility of xenon in n-pentane and n-hexane was measured as a function of temperature, 27 from which solvation enthalpies, solvation entropies, and interaction enthalpies (H int ) were estimated. We have found that a plot of H int vs T r shows a maximum at T r = 0.57 for both (xenon + n-pentane) and (xenon + n-hexane). Interestingly, this reduced temperature is very close to that at which H m E (x = 0.5) vanishes for binary mixtures of n-alkanes (0.57À0.59). In the second one, 28 we have been able to decompose the interaction enthalpy into its (xenon + CH 2 ) and (xenon + CH 3 ) contributions, confirming that the XeÀCH 3 interaction is stronger than XeÀCH 2 .
We have recently reported Monte Carlo computer simulations of excess molar enthalpies and excess molar volumes for the binary mixtures of xenon with ethane, propane, and n-butane at low temperatures. 29 The simulation results presented an excellent agreement with experimental ones for (xenon + ethane), whereas for the remaining systems, the existing experimental results of excess molar volumes were reproduced within 50%, which can be considered very good. However, the simulations were performed at a single temperature for each system. In this work, we have extended the previous study obtaining Monte Carlo simulations results for the excess properties of the same systems in a wide range of temperatures (160À255 K). Structural information has also been obtained by calculating radial distribution functions for each pair of interactive groups present in the molecules. The results provide a much clearer picture of the structure and underlying interactions of liquid (xenon + n-alkane) mixtures.
SIMULATION DETAILS
The computer simulations both for pure fluids and liquid mixtures were performed using Monte Carlo method, using the MCCCS Towhee Monte Carlo molecular simulation package, version 5.2.12 (http://towhee.sourceforge.net/). TraPPE-UA 30 was used as the force field for the n-alkanes. This force field uses fixed bond lengths, harmonic style angle bending terms, and quadratic torsion terms for the intramolecular interactions, whereas the intermolecular terms are modeled by Lennard-Jones The Journal of Physical Chemistry B ARTICLE potentials centered on the cabon atoms. This is a united atom force field, which means that CH n groups are modeled as single pseudoatoms. Lennard-Jones parameters from the potential of Bohn et al. 31 were used to model xenon. The parameters used in the calculations are presented in Tables 1 and 2 , respectively, for nonbonded and bonded interactions. The cross interaction nonbonded parameters were obtained by LorentzÀBerthelot combining rules. The calculations were carried out in the NpT ensemble with a single box for a fixed pressure in each system slightly above the experimental (or estimated) vapor pressure of the mixture. A 15 Å cutoff radius was used in the interaction calculations, and the neglect of long-range interactions beyond the cutoff radius was compensated by application of analytic tail corrections. Coulombic interactions were not considered, since all the molecules studied are neutral and apolar. For pure components, each system consisted of a total of 500 molecules for the n-alkane and 900 molecules for xenon with a box size chosen to obtain a density close to the experimental value. Mixtures were "prepared" by varying the proportions of molecules of each component, with the total number of molecules between 500 and 1000 molecules, observing the same criteria as above to fill the simulation box. The compositions (xenon mole fractions) studied for all cases were 0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1, and in the case of (xenon + propane), (xenon + n-butane), and (xenon + ethane), the latter for only two temperatures, also 0.7, to better define the most asymmetric curves (H m E and V m E as a function of composition). The simulations were performed for large temperature ranges (typically between 160 and 255 K) at intervals of ∼10 K. In some cases, temperatures for which experimental results of excess enthalpy or vapor pressures exist were chosen.
In each simulation, a preliminary equilibration run of 50 000 MC cycles (each cycle consisting of a number of moves equal to the number of molecules in the system) was performed, followed by a production run for the calculation of averages, consisting of another 200 000 cycles, which were divided into 20 blocks to calculate standard deviations. The Monte Carlo moves consisted of simulation box volume changes, coupledÀdecoupled configurational bias regrowths, translations of the center of mass, rotations about the center of mass, configurational bias molecule reinsertions in the simulation box and aggregation volume bias.
One thousand production configurations were used to obtain radial distribution functions for the three systems studied at the same temperature range, but only for pure components and equimolar mixtures Additional calculations were carried out for mixtures with xenon molar fractions of 0.2 and 0.8 at four different temperatures (161. 40, 195 .49, 225, and 245 K for (xenon + propane) and (xenon + n-butane) and 161. 40, 195 .49, 220.14, and 239.3 for (xenon + ethane)).
RESULTS AND DISCUSSION
Excess Functions. H m E and excess molar volumes V m E were obtained by simulation for mixtures of xenon with ethane, propane, and n-butane as a function of composition in a wide range of temperatures, typically between 161 and 255 K. The results were fitted to RedlichÀKister equations of the form The Journal of Physical Chemistry B ARTICLE for excess molar enthalpies and
for excess molar volumes. The simulation results are compiled in Table 3 for (xenon + ethane), Table 4 for (xenon + propane), and Table 5 for (xenon + n-butane), and the corresponding RedlishÀKister fitting coefficients can be found in Tables 6 (H m  E ) and 7 (V m E ). For (xenon + ethane), the simulated excess enthalpies and excess volumes are plotted as a function of composition in Figure 1a and Figure 1c , at each temperature, and as a function of temperature in Figure 1b and Figure 1d , at each composition.
Experimental excess volumes and excess enthalpies obtained in our group at a single temperature (161.40 K for V m E and 163.0 K for H m E ) 23 are also included in Figure 1a ,c. As can be seen, the simulation results for both properties are systematically less negatives than the experimental ones, but the sign and the order of magnitude are predicted, and the overall agreement can be considered very good. It should be emphasized that excess properties are difficult quantities to obtain either experimentally or by simulation. Consequently, large relative uncertainties are common, and their prediction is a considerable challenge to both theory and simulation.
It can also be observed that the excess molar enthalpy for mixtures of (xenon + ethane) is almost independent of temperature The Journal of Physical Chemistry B ARTICLE in the studied range (almost 90 K), whereas a slight decrease with increasing temperature is observed for excess molar volume data. Nunes da Ponte et al. 32 obtained excess Gibbs energies from VLE experimental data for (xenon + ethane) mixtures at temperatures between 210 and 284 K, from which they estimated excess molar enthalpies for equimolar mixtures as a function of temperature. In Figure 1e , our simulation results are compared with those estimated by Nunes da Ponte et al. As can be seen, the agreement is remarkable in the low temperature limit, but deviations are found at higher temperatures, since the excess enthalpies estimated by Nunes da Ponte et al. decrease with the increasing temperature. Again, given the uncertainty of the simulation and experimental results, the overall agreement can be considered quite good. Also included in Figure 1e is the experimental data point from ref 23 . Both the simulation results and those of Nunes da Ponte et al. underestimate this result by ∼30%.
The simulation results for (xenon + propane) and (xenon + n-butane) are shown in Figures 2 and 3 , respectively. The only results available for comparison are indirect estimations of equimolar excess enthalpy and experimental excess molar volumes at 161.40 K for (xenon + propane) 23 and at 182.34 K for (xenon + n-butane), 24 which are also included in the figures. For these two latter systems, the temperature dependence of the magnitude of both excess functions is much more apparent. As in The Journal of Physical Chemistry B ARTICLE the case of (xenon + ethane), the simulation results reproduce the correct sign and order of magnitude of the excess volumes, but underestimate the experimental values by ∼50%. For the excess enthalpies, the simulations predict negative values at all temperatures and compositions, but those estimated from the temperature dependence of the experimental Gibbs energies are positive (H m E (x = 0.5) = +138 ( 36 J 3 mol À1 for (xenon + propane) and H m E (x = 0.5) = +17 ( 70 J 3 mol À1 for (xenon + nbutane)). However, given the small value of H m E for (xenon + nbutane) and the large uncertainty, the possibility of H m E being small and negative for this system cannot be excluded.
Figures 2 and 3 also show that for (xenon + propane) and (xenon + n-butane), both excess functions decrease with temperature. However, unlike for mixtures of n-alkanes, the trend is not linear. Both properties remain nearly constant at the lowest temperatures, then start to decrease with increasing temperature, the curve becoming steeper as the highest temperatures are reached. Interestingly, this is the trend reported by Nunes da Ponte et al. for H m E (x = 0.5) and V m E (x = 0.5) as a function of the temperature of (xenon + ethane), as predicted by the Gubbins et al. 33 version of perturbation theory. It is also worth noting that an extrapolation of the high temperature regime of the H m E curves for both systems may lead to small and positive values of H m E at the lowest temperatures, which are much closer to the experimental estimations. Vega 34 and Blas 22, 35 have shown that for mixtures of n-alkanes, the experimentally observed positive values of H m E at low temperatures were due to conformational changes in the molecules when they are mixed. Although conformational changes are included in the TraPPE model used in the present simulations, it is nevertheless a united atom model. It is possible that a more detailed, fully atomistic force field is necessary to deal with conformations in a more realistic way and account for the differences in H m E at low temperature. In addition, given the size of the xenon atom, the use of a polarizable model might also be valuable. This will be the object of future work.
Following the procedure previously described for mixtures of n-alkanes, we have obtained the temperature at which H m E and V m E vanish for the three (xenon + n-alkane) systems at all the The Journal of Physical Chemistry B ARTICLE compositions. Clearly, the point at which X m E = 0 (enthalpy or volume for any composition) will be located beyond the lowest limit of our temperature range; that is, this implies an extrapolation to a temperature below the triple point of xenon. In the case of (xenon + ethane), the simulated excess enthalpies do not change with temperature, and for this reason, it was not possible to extrapolate the temperature at which H m E becomes zero. For all the others, excess volume and enthalpy data as a function of temperature were fitted to polynomial functions, from which the temperature where X m E = 0 was obtained by extrapolation. The Table 8 and, for (xenon + propane) and (xenon + n-butane), also shown in Figures 2 and 3 as solid lines. The reduced temperatures at which the properties vanish were also calculated using the average critical temperature (T c12 ) of each mixture, defined as 36
where T c1 and T c2 are the critical temperatures of the pure components, and k 12 is a binary interaction parameter calculated by the expression from Tarakad and Danner,
where V m,c1 and V m,c2 are the critical molar volumes of the pure components. Critical temperatures and molar volumes were taken from refs 38 (xenon) and 39 (ethane, propane, n-butane).
Despite the dispersion of the data, the temperature (and reduced temperature) at which X m E = 0 is found to be remarkably constant over composition within each system. Furthermore, the calculated reduced temperature is almost constant from system to system, around 0.39À0.42. This range is, however, quite different from that obtained for mixtures of n-alkanes (0.57À0.59). This can be seen in Figure 4a ,b where excess molar enthalpies and excess molar volumes at equimolar composition are plotted against reduced temperature for the three systems studied. For both properties, the three curves diverge at high reduced temperatures but seem to meet at a single convergence point at low temperatures. This seems to prove that mixtures of (xenon + n-alkanes) have a singularity point in their mixing properties when considered as a function of reduced temperature, similar to that exhibited by mixtures of n-alkanes. Again, if the extrapolations were done considering only the high temperature regime of the H m E curves for both (xenon + propane) and (xenon + n-butane), the reduced temperatures at which X m E = 0 would be closer to those of the nalkane mixtures.
In Figure 5 , we compare the H m E and V m E curves vs composition among the three systems studied at two different temperatures. At the same temperature, both excess functions decrease (to more negative values) as the alkane chain length increases. This is confirmed by experiment for V m E , and in the case of H m E , it is the trend experimentally found for mixtures of n-alkanes. Experimental values of G m E for mixtures of (xenon + n-alkane) and (n-alkane + n-alkane) also show this same behavior.
As previously explained, we have recently measured interaction enthalpies of dilute solutions of xenon in liquid n-alkanes and concluded that the interaction between xenon and the CH 3 The Journal of Physical Chemistry B ARTICLE group is stronger than that with CH 2 . 27,28 This information is taken into account by the TraPPE-UA model used in this work; it uses a larger nonbonded energy parameter for CH 3 than for CH 2 . This procedure, however, might seem to be in conflict with the simulation results because we have found that the excess enthalpy becomes more negative as the proportion of CH 2 group within the alkane molecule increases. It is clear, however, that the absolute value of the excess enthalpy (as of all other excess functions) depends on the interactions not only between unlike molecules but also between like molecules and cannot be compared directly with interaction enthalpies of dilute solutions.
The appropriate way to rationalize the obtained results would be on a segment basis, rather a molar basis. One way to do this is through the application of the principle of congruence. The principle was initially proposed by Bronsted and Koefed 40 and has been extensively used to interpret the thermodynamic behavior of mixtures of n-alkanes. According to the principle, the thermodynamic properties of the mixture are determined by the average chain length, which is given by
where n i is the number of carbon atoms in a molecule of the species i and x i is the molar fraction of that species in the mixture. Mixtures with the same average chain length are said to be congruent. Hijmans 41 devised a method for the application of principle of congruence to excess properties of binary mixtures, which involves the rescaling of the data to be comparable to a given reference system (usually the most asymmetric one) and expressing the properties as a function of the average chain length. The method has been applied to check the internal consistency of the different binary mixtures of n-alkanes. For a given binary system, any excess property as a function of n would be obtained by
where n 1 and n 2 are the chain length of the pure components of the system; n A and n B are the chain lengths of the pure components of the reference system; and X m E (n, n A , n B ), X m E (n 1 , n A , n B ), and X m E (n 2 , n A , n B ) are the values of excess property of the reference system for average chain lengths of n, n 1 , and n 2 , respectively. The The Journal of Physical Chemistry B ARTICLE principle of congruence has been successfully applied to excess molar enthalpies, 42 excess molar volumes, 39 and excess Gibbs energies 43 for binary mixtures of n-alkanes having five carbon atoms or more. However, mixtures of lighter n-alkanes were found not to conform to the principle 1 when systems involving methane were used as reference.
In this work, we have applied the principle of congruence to our excess molar enthalpy and excess molar volume data. In this approach, xenon was modeled as consisting of one segment. The results are shown in Figure 6 for excess molar enthalpies and in Figure 7 for excess molar volumes at four different temperatures. As can be seen from the figures, the overall picture is that the three systems approximately obey to the principle. In the case of excess molar enthalpies, both (xenon + ethane) and (xenon + propane) deviate from the curve of the reference system (xenon + n-butane) to more negative values of H m E at the lowest temperatures, the deviations observed for (xenon + ethane) being more pronounced. We believe these deviations reflect the higher proportion of CH 3 groups with which xenon interacts more strongly. As the temperature increases, the deviations decrease, probably as a consequence of thermal agitation, which tends to mask differences in the interactions. Regarding the excess volumes, it can be observed that (xenon + ethane) conforms to the (xenon + n-butane) results, but (xenon + propane) deviates to less negative volumes. Volume effects result from factors such as free volume and packing, which are obviously more difficult to interpret.
Solution Structure. The structure of the liquid mixtures was investigated through the analysis of radial distribution functions (g Rβ (r)) at all temperatures. These were calculated for all pairs of interactive groups (Xe, CH 2 , and CH 3 ) for the three systems at equimolar composition and also for the pure components.
Additional determinations for xenon molar fractions of 0.2 and 0.8 were done at four temperatures.
Center-to-center radial distribution functions for each pair of interactive groups are shown in Figure 8 at four different temperatures for (xenon + ethane) equimolar mixtures. The g Rβ (r) of the CH 3 ÀCH 3 pair for pure ethane and XeÀXe for pure xenon are omitted, since they are practically indistinguishable from those for equimolar mixture.
The radial distribution functions of methyl groups around xenon reveal a typical short-range order curve with a relatively narrow first peak, corresponding to a first coordination shell, with a small shoulder corresponding to the second methyl. The shoulder becomes more and more pronounced as the temperature increases. As expected, the peaks broaden at higher temperatures, and the intensity of the first peak decreases, but its position (r max ) remains unchanged.
The presence of a second interaction group is much more apparent in CH 3 ÀCH 3 radial distribution functions for both equimolar mixtures and pure ethane. The shoulder in the first peak is clearly visible, becoming more important as the temperature increases and being, at the highest temperatures, as intense as the main peak. The position of the first peak slightly increases with temperature, whereas the intensity (g max ) decreases.
These findings are compatible with a predominance of perpendicular orientations between ethane molecules (T arrangement) at low temperatures (which corresponds to the same mean distance between the reference group and each group of the other Table 8 . Values of Temperature and Reduced Temperature at Which the Excess Property (molar enthalpy and molar volume) Vanishes for (Xenon + Ethane), (Xenon + Propane) and (Xenon + n-Butane) molecule). At higher temperatures, due to thermal agitation, more orientations would be accessible, in particular, in-line arrangements that contribute to the relative increase of the shoulder intensity. Similar considerations can be drawn for the XeÀCH 3 interaction, the effect being less pronounced because of the higher values of ε and σ for xenon.
XeÀXe seems to be the most "structured" interaction, with the most intense peaks, showing little influence of composition. Its intensity decreases with the increasing temperature, but not its position. Finally, r max for all the interaction pairs in (xenon + ethane) seems to be almost independent of composition, but decreases in the order XeÀXe > XeÀCH 3 > CH 3 ÀCH 3 ; however, if the sizes of the groups are taken into account, this order is reversed. At higher temperatures, the differences in r max disappear.
The radial distribution functions of all the possible pairs involving alkylic centers for equimolar mixtures of xenon with propane are shown in Figure 9 at four different temperatures. In Again, the XeÀCH 3 peak is narrow, and the presence of the second methyl group is apparent only by a slight fluctuation of the baseline after the peak. As in (xenon + ethane), the CH 3 À CH 3 peak displays a shoulder, shifted to higher radial distances and becoming more pronounced with the increasing temperature. The first peaks for these two pairs are very different with respect to temperature dependence. For CH 3 ÀCH 3 , the intensity of the first peak decreases with increasing temperature, whereas the position slightly increases. In the case of XeÀCH 3 , the peak maximum decreases with the increasing temperature, and r max is practically independent of temperature.
The g Rβ (r) for the XeÀCH 2 interaction is quite different from the previous pair. The first peak is smaller and broader than that of XeÀCH 3 ; g max decreases and r max increases with the increasing temperature. In addition, r max for the first peak of XeÀCH 2 is systematically higher than that of XeÀCH 3 . Again, if the sizes of the groups are taken into account (using the segment diameter parameter of the TraPPE-UA model, σ) it is possible to calculate the "surface-to-surface" distance between groups, which is a better measure of their proximity because it does not depend on the group size. It is found that the "surface-to-surface" XeÀCH 2 distance is also larger than XeÀCH 3 and that difference increases with temperature. This can be an indication that The Journal of Physical Chemistry B ARTICLE xenon interacts with propane preferably through the two methyl groups. For the remaining pairs, the order of r max is CH 3 ÀCH 3 , CH 3 ÀCH 2 < CH 2 ÀCH 2 , even considering the differences in σ. It is also interesting to note that the CH 3 ÀCH 3 "surface-to-surface" distance is almost the same as that of XeÀCH 3 .
For the (xenon + n-butane) system, the radial distribution functions of the interaction pairs involving alkylic groups for its equimolar mixtures are shown in Figure 11 at four temperatures, and those for pure n-butane as a function of temperature are shown in Figure 12 . Both the XeÀCH 3 and XeÀCH 2 first peaks are relatively narrow, and their intensity does not change monotonically with temperature (increases and then decreases). The position of the former is not affected by temperature, but that of the latter slightly decreases. As in (xenon + propane), the XeÀCH 2 surface-to-surface distance is larger than that of XeÀCH 3 . The XeÀCH 2 first peak is broader and may be the result of two fused peaks corresponding to the two CH 2 groups in the molecule. Its intensity increases with temperature, becoming similar to that of XeÀCH 3 . Both peaks decrease as the xenon mole fraction increases, but r max is almost independent of composition.
In Figure 13 , the radial distribution functions of XeÀCH 3 and XeÀCH 2 are compared for the three systems at three temperatures. For both pairs, the intensity and r max of the first peak follows the order ethane > propane > n-butane, although these differences disappear at higher temperature. The mean distance between xenon and each akylic groups seems to decrease with the increasing alkane chain length. This is probably due to the increase in alkane flexibility for longer alkanes, allowing a better accommodation around xenon. The r max values for the other interaction pairs follow the same trend except for CH 2 ÀCH 2 , both in binary mixtures and in pure alkane.
The number of groups (N) in the first coordination shell of a given reference center was estimated by integrating the radial distribution function as The Journal of Physical Chemistry B ARTICLE where r 1 and r 2 are the inner and outer radii of the coordination shell and F is the segment bulk density, which can be calculated from simulation results. In the calculations, r 1 is taken as the maximum r for which g Rβ (r) is zero before the first peak and r 2 is the r corresponding to the first minimum of g Rβ (r). The number of interaction groups around each reference group for the equimolar mixtures studied as a function of temperature is shown in Figure 14 .
In the case of (xenon + ethane) (Figure 14a) , N is similar for XeÀCH 3 and CH 3 ÀCH 3 (average values of 12 and 12.4, respectively), but approximately one-half for XeÀXe (average value of 5.5) because the XeÀCH 3 first peak accounts for the two methyl groups per ethane molecule. This obviously reflects the fact that the molecular volume of xenon is approximately the same of that of the ethane molecules; thus, the double of the molecular volume of the methyl groups. N also decreases as the temperature increases for the three interactive pairs. As stated above, in the case of the XeÀCH 3 pair, r max is almost independent of temperature, despite the expansive effect caused by increasing the temperature. As can be seen here, expansion leads to a less populated first coordination shell, rather than an increasing of mean distance between centers.
In the case of (xenon + propane) (Figure 14b ), it is found that the number of CH 3 groups around a given xenon atom, relatively to the number of CH 2 groups, is larger than what would be expected from their molecular proportion. This agrees with the differences, previously described, for the distances between the two types of pairs and can be seen as a further indication of a preferential interaction between xenon and CH 3 relatively to CH 2 . A more efficient way of analyzing this effect is to calculate the ratio between the number of CH 3 's and the number of CH 2 groups around xenon N CH 3 /N CH 2 , which in the case of random mixture of the components should be equal to 2. These ratios were calculated as a function of mixture composition and are shown in Table 9 for extreme compositions. As can be seen, the ratio is always slightly larger than 2 and tends to be lower at higher xenon mole fractions. That fact seems to indicate that CH 2 is more likely to populate the first coordination shell at low concentrations of alkane, where the alkylic groups are less available to xenon.
The integration of the radial distribution function first peak for (xenon + n-butane) was also calculated, and the results are included in Figure 14 (as a function of temperature), whereas the ratios N CH 3 /N CH 2 can be found in Table 9 for the same compositions. In this case, N CH 3 /N CH 2 for a random mixture should be 0.5, since the second CH 3 group of the n-butane molecule is, in principle, already outside the first coordination shell of xenon. As can be seen in Table 9 , the ratios as a function of temperature and composition follow the same trend as for (xenon + propane): they are, in general, more favorable to CH 2 at high xenon mole fraction than at low xenon concentration. Moreover, the effect seems to be more pronounced in (xenon + n-butane) than in (xenon + propane), which is consistent with the higher CH 2 concentration in the former case. At low n-alkane Figure 14 . Estimated number of interaction groups around a reference center as a function of temperature for equimolar mixtures of (a) xenon + ethane (XeÀCH 3 , CH 3 ÀCH 3 , and XeÀXe pairs), (b) xenon + propane (XeÀCH 3 , XeÀCH 2 , CH 3 ÀCH 3 , CH 3 ÀCH 2 , CH 2 ÀCH 2 , XeÀXe pairs), and (c) xenon + n-butane (XeÀCH 3 , XeÀCH 2 , CH 3 ÀCH 3 , CH 3 ÀCH 2 , CH 2 ÀCH 2 , and XeÀXe pairs). For each block of columns, temperature is increasing from the left to the right. The Journal of Physical Chemistry B ARTICLE concentrations, xenon seems to be less selective toward interacting with methyl and methylene groups. Finally, it is interesting to note that the intensity of the XeÀXe peak in equimolar mixtures with different alkanes, decreases in the order n-butane > propane > ethane. This is surely due to a "dilution" effect: given the increasing molecular size and volume in the series ethane < propane < n-butane, a 0.5 mol fraction corresponds to lower volume fractions of xenon. This is confirmed by integration of the first g Rβ (r) peak, which showed a decreasing number of xenon atoms within its first coordination shell.
CONCLUSIONS
Excess molar enthalpies and excess molar volumes as a function of composition and temperature were obtained for binary mixtures of xenon with ethane, propane, and n-butane by computer simulation using the Monte Carlo method. The TraPPE-UA force field was used to model the light n-alkanes, and a simple LennardJones spherical potential was used to model xenon.
For all three systems, the simulation results predicted excess volumes in good agreement with the experimental data. The simulated excess enthalpies also agree with the experimental results for (xenon + ethane), confirming the weak dependence with temperature exhibited by this system. In the case of (xenon + propane) and (xenon + n-butane), however, the simulation predicts negative excess enthalpies, and those estimated from experimental data are positive. Both excess volumes and enthalpies display a complex dependence with temperature: a slow varying region followed by a sharp decrease, which in some aspects resembles that found for mixtures of n-alkanes. At low temperature, the curves seem to converge to a common reduced temperature at which both properties vanish at all the compositions. This universal temperature is different from that previously found for n-alkane mixtures; however, if only the high temperature regime is used, the results may lead to a common reduced temperature at which H m E = 0 in close agreement with that observed for mixtures of n-alkanes.
The structure of the liquid mixtures was investigated through the calculation of radial distribution functions for all interaction pairs over the same range of temperatures. We have found that the xenonÀmethyl distance is systematically shorter than that of xenonÀmethylene in all systems and at all compositions. An estimation of the number of groups in the first coordination shells was also obtained by numerical integration of the radial distribution functions' first peaks. It was found that the relative proportion of methyl and methylene groups around xenon, N CH 3 /N CH 2 , is systematically higher than that expected for a random mixture. This, combined with the observed distances between groups, seems to indicate that xenon's first coordination shell is preferentially more populated by CH 3 than by CH 2 groups.
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